The effective lifetime of geothermal wells in Indonesia is approximately 20 years . It becomes a crucial challenge for operators to maintain the well lifetime expectancy, especially for companies who operate mature geothermal fields. It is very common to encounter well problems and integrity issues in mature geothermal wells such as corrosion, scaling, casing failure, and cement damage, since they were designed using conventional oil and gas well approach without fully considering extreme geothermal environment (e.g., high temperature, corrosive fluids, hard rocks, etc.) and not always following general geothermal standard operating procedure (SOP) (Kaldal et al. 2015; Pellet 2017) . One of the mature geothermal fields in Indonesia, Field Dieng, which has been operated for more than 20 years (Darma 2016), currently faces such problems. Among a total of 14 production wells, 5 wells were shut-in more than 6 years ago, while the remaining wells are still producing at a declining rate. Wellbore plugging due to silica scaling (SiO 2 ) occurred, both in abandoned and producing wells. In addition, such
problems occurred because of the lack of knowledge and experience in the first development phase.
To increase the steam production capacity, PT Geo Dipa Energi considered two options: drilling new wells or reactivating the mature abandoned geothermal production wells. Based on studies of geothermal exploration and development drilling in Indonesia, drilling new wells requires considerable expenditure with various assumptions such as success ratio, technical factors, economic factors, administrative permit, and regulations (Wahjosoedibjo and Hasan 2018; Purwaningsih et al. 2017 ). On the contrary, other studies have showed that reactivating abandoned wells, including abandoned oil and gas wells, would be beneficial for the geothermal project and would cost less than drilling new wells if the reopening is performed correctly (Caulk and Tomac 2017; Røksland et al. 2017; Nian and Cheng 2018a, b; Capuano Jr. 2016) . Based on the preliminary study, two abandoned wells could potentially produce steam up to 27.2 MW. However, well integrity is a crucial aspect that must be evaluated before recommencing the production of the abandoned wells. In addition, abandoned wells have no access due to being plugged with silica scaling. Based on preliminary analysis, well intervention and workover operation with mechanical cleaning are being considered to gain access into the well and to assess the well integrity of the abandoned wells.
Planning well operation for geothermal wells, both drilling or well intervention and workover, is more challenging, especially for mature wells that have been shut-in for years. Aside from the extreme geothermal environment, studies performed by Marbun et al. (2013) in geothermal fields in Indonesia showed that non-productive time and cost overrun occurred, especially due to improper planning and management (Marbun et al. 2015) . The well intervention and workover planning become more complex and very costly when the wells are not properly maintained and monitored before they stopped producing, which raises difficulties to identify the well problems (Thorhallsson 2003) . Another challenge also arises in this study due to the limited availability of official data. This paper introduces an initial geothermal well assessment methodology to identify the casing failure of long-abandoned geothermal wells before reactivating them. The study focuses on the application of the methodology on two abandoned production wells in Field Dieng, wells HCE9B and HCE28B. The selection of both wells was based on potential, historical production data, and pad location analysis. The output of this paper is a technical analysis of casing failure identification; the method will also be applied to other similar abandoned geothermal wells in Field Dieng in the future.
Methodology and scope of work
The study presents a comprehensive methodology of casing failure assessment of mature abandoned geothermal wells as part of well intervention and workover planning strategy. According to the limitation of data and the information of the current condition of the abandoned wells, a methodology was established in this study to address the following aspects:
1. Initial well integrity assessment. 2. Recalculation of well design, inclination and azimuth angle effect analysis. 3. Proposed well intervention and workover plan. Figure 1 shows the methodology of the study presented here. The official available data were limited: (1) initial well test data, (2) directional drilling and trajectory data, (3) initial pressure and temperature survey data, (4) well schematic data, (5) daily operational drilling report, (6) well intervention and workover historical data, and (7) production historical data. Critical necessary data were not available: (1) original well design (drilling and completion), (2) final well reports (drilling and completion), (3) service companies reports (e.g., directional, wireline logging, cementing, etc.), (4) geological report, (5) well historical data (well intervention and workover, well services, etc.), and (6) production historical data.
According to the common geothermal SOP and best engineering practices, casing condition is mandatory to be examined. Initial well integrity assessment is a crucial step to understand the current condition of the wells. In this field, wellbore problems and well integrity issues comprised scaling and casing failure. Silica and carbonate scaling are commonly found in the geothermal system (Thorhallsson 2006; McGee and Smith 2016; Von Hirtz 2016) . However, this study only analyzed the silica scaling issue (PT Geo Dipa Energi 2019; Agustinus et al. 2018; Wahyudityo et al. 2013) , since carbonate scaling issue had not been identified and analyzed qualitatively and quantitatively at the beginning. Common casing failure mechanisms in geothermal wells include burst, collapse, and tension (Southon 2005) . Cement damages such as crack, micro-annulus, and bad cementing, and corrosion are also common in geothermal wells which can lead to wellbore leakage. However, at the moment, cement damage and corrosion in the well cannot be investigated due to the wellbore being plugged by silica scale. In addition, cement evaluation data (e.g., cement bond log/CBL, variable density log/VDL, etc.) were not available, therefore, cement analysis was not performed in this study.
The wells were designed and drilled not according to common SOP and best engineering practice of geothermal drillings, such as the New Zealand Standard Code of Practice for Deep Geothermal Wells (Standards New Zealand 1991) . The design of the wells and drilling operations was based on knowledge and experience gained in the oil and gas industry. Recalculation of well design for both wells was performed in this study. According to the well integrity issues encountered in this field and based on data and information limitation, following aspects that were not considered in the first phase of well development were analyzed in this study:
1. The high-temperature effect. 2. Thermal effect of the casing grade selection. 3. Inclination and azimuth angle effect.
Furthermore, the well intervention and workover plan were proposed following the study result.
Field and wells overview
Field Dieng is one of the mature volcanic geothermal fields in Central Java, Indonesia, which was developed in the 1990s (Marbun 2013; Darma 2016) . Currently, the field is operated by PT Geo Dipa Energi (Sirait et al. 2015) . The reservoir characteristic is a twophase hydrothermal system and dominated by water with a temperature range from 280 to 330 °C and a pressure range from 12.1 to 16.7 MPa. The fluid enthalpy ranges from 1300 to 2000 kJ/kg and the production fluid contains silica up to 1200 ppm.
Initially, Field Dieng produced steam with capacity of 60 MW (Asian Development Bank and The World Bank 2015; Sirait et al. 2015) , but currently, the steam production decreased to approximately 20 MW. The geothermal unit with a capacity of 60 MW was finished in 1998 and commercially started producing in 2002. 5 of 14 production wells were shut-in and temporarily abandoned due to a wellbore plugging issue. In addition, the wellbore plugging issue was also encountered in nine active production wells, causing production decrease. Technical and non-technical issues occur to other production and injection wells which also cause production decrease. Based on historical data, the wellbore plugging is caused by silica scale and it was aggravated by casing failure (Marbun 2013) . In this study, two out of five abandoned wells were chosen to be evaluated and analyzed. Wells HCE9B and HCE28B were production wells drilled approximately more than 20 years ago. Based on initial production data, the well HCE9B has the potential to produce steam up to 15 MW, while well HCE28B has the steam production potential up to 12.2 MW (Marbun 2013) . Figure 2 shows the trajectory of the two wells. Figure 3 shows the well schematic of the two wells. Marbun et al. Geotherm Energy (2019) Table 1 shows historical data of wells HCE9B and HCE28B including well design and drilling data, pressure and temperature survey, well intervention and workover history, and initial well integrity assessment. Due to the limited available official data, not all parts of the study could be properly performed. The original well design data were not available. Therefore, the well design was recalculated and evaluated to examine whether the well design could withstand the actual condition and the future workover plan. Based on well intervention and workover operations history, mechanical cleaning and tieback casing cementing were performed in wells HCE9B and HCE28B. The objective of the mechanical cleaning was to clean out the well from the silica scale, while the tieback casing was to repair the 508 mm casing collapse in well HCE9B and 339.7 mm casing collapse in well HCE28B.
Review of well investigation
Investigation of current well condition was conducted several times in wells HCE9B and HCE28B by running investigation tools (Marbun 2013 , PT Geo Dipa Energi PT Geo Dipa Energi 2019). The investigation's objective was to assess the wellbore condition and identify the type of obstructions that blocked the steam to flow inside the wellbore to the surface. The following section describes the last mechanical investigation performed in the two abandoned wells.
In well HCE9B, a sample catcher with an outside diameter (OD) that ranged from 50.8 to 158.8 mm and length 0.67 m was run into the well at a maximum speed of 28 m/ min. The tool tagged at depth 523 m. After jarring down operation, the tool successfully passed the obstruction and tagged at 542 m, but further jarring down operation failed to pass the second obstruction at the 339.7 mm production casing section. It was decided to pull the tool out of the hole to obtain and analyze the sample from the catcher. At the surface, debris was recovered from the catcher. Based on the magnetic and X-ray diffraction test (XRD), it was confirmed that the debris contained metal. Based on this investigation, the metal debris recovered from the catcher was an indication of 339.7 mm production casing damage. Furthermore, the wellbore condition below 542 m remained unknown.
The recent well investigation for HCE28B was performed by running an 88.9 mm sample catcher and 152.4 mm impression block. The 88.9 mm sample catcher tagged the obstruction at 186 m and the tool could not pass through even after jarring down operation. The tagged depth was inside 339.7 mm production casing. After pulling out of a hole, silica debris was recovered from the catcher. The XRD test confirmed that the sample contained amorphous silica of more than 50%. The 152.4 mm impression block that was tagged at 185 m showed a mark on the edge of impression block that could indicate a 339.7 mm casing collapse. Based on this investigation at well HCE28B, the wellbore was blocked by silica scale and casing collapse most likely occurred at the 339.7 mm casing. However, the wellbore condition below 185 m remained unknown. In summary, the well investigation conducted at wells HCE9B and HCE28B revealed that the wellbore was plugged inside the production casing. Silica scale deposition was indicated as the main obstruction in the two abandoned wells with an indication of casing failure. Table 2 shows a summary of the two abandoned wells condition.
Result of casing failure evaluation based on casing design
Casing design evaluation was performed to predict the casing failure mechanism in the two wells. The scope of casing design evaluation in this study focuses on casing setting depth and casing load analysis.
The two wells were designed using a conventional oil and gas approach by considering only depth, pore pressure, and fracture pressure without considering high thermal stress effect, lithology, and formation fluid. In spite of the similarity in the well construction process, high geothermal temperatures have a significant impact on the casing strength (Dench 1970; Capuano Jr. 2016) . When the casing is exposed to the high-temperature environment, the strength decreases (Nicholson 1984) . Moreover, the temperature changes in the well under dynamic condition (production and injection) and under static condition (shut-in) cause the well to experience compressiontension changes due to thermal loads, which lead to casing fatigue (Nicholson 1984) . Figure 4 presents the initial temperature profile in the static condition of the two wells gathered from pressure and temperature survey after drilling. Ideally, the load calculation is based on the maximum temperature, however due to limitation of the data, the available temperature profile was used in this study. The temperature profile for well HCE9B was taken from pressure and temperature survey on 11 June 1997, while the temperature profile for well HCE28B was taken from pressure and temperature survey on 30 October 1997 (Marbun 2013; PT Geo Dipa Energi 2019) . This temperature data were used in casing setting depth analysis and casing load calculation. Marbun et al. Geotherm Energy (2019) 7:31 Casing setting depth analysis Three methods in determining casing setting depth for geothermal wells are common: New Zealand's method, Iceland's method, and the Philippines' method. New Zealand's method is used for reservoir dominated by steam with a reservoir temperature of more than 220 °C. It suggests that the boiling point curve is used as the lower limit, and the overburden pressure as the upper limit (Standards New Zealand 1991). Iceland's method is applied for two-phase geothermal wells with reservoir temperature more than 220 °C, and the determination of casing setting depth considers the well at the flowing state (Hossein-Pourazad 2005) . In Iceland's method, the lower limit is the boiling point curve, and the hydrostatic mud/water is used as the upper limit. The Philippines' method is applied for a water-dominated geothermal reservoir with a reservoir temperature more than 220 °C. It suggests that the production casing is required to be set at the depth where the reservoir temperature attains 220 °C (Sarmiento 2007) . The purpose is to isolate the low-temperature formation fluid from high-temperature formation fluid. The pore pressure is used as the lower limit, while the overburden pressure is used as the upper limit.
In Field Dieng, the characteristic of the reservoir meets the Philippines' method requirement. Figure 5 shows the pressure and temperature profile of well HCE28B. Using this approach, the 339.7 mm production casing shoe for well HCE9B should be set at depth 1250 m TVD and the production casing shoe for well HCE28B should be set at 1400 m TVD. Figure 6 shows the example of casing setting depth determination for well HCE28B. Table 3 shows the comparison of the actual and the proposed casing setting depth. The actual production casing shoe for the two wells was set deeper than the proposed depth, where the shoe had penetrated the high-temperature formation fluid. Consequently, the lower part of the production casing was exposed to the higher temperature load and caused casing strength decrease which might have led to casing failure.
Casing load evaluation
The casing collapse, burst, and tension load were recalculated by considering a hightemperature effect. The static temperature data were used in the calculation (Fig. 4) . Figure 7 shows the result of yield strength correction factor calculation due to temperature effect (Marbun 2013) . The burst, collapse, and tension rating of the production casing were then corrected according to the calculated correction factor. The yield strength correction factor was calculated based on the following equation:
where σ = casing stress (MPa), σ yield = yield strength (MPa), T = well temperature (°C).
If the temperature of the well is below 80 °C, then σ σ yield = 1.
(1) The burst, collapse, and tension load of casing of wells HCE9B and HCE28B were calculated based on maximum load scenario of oil and gas method. The burst scenario considered the cement pressure during cementing operation as internal pressure while the formation pressure acts as external pressure. The collapse scenario was considered the worst scenario during cementing operation, in which the hydrostatic cement pressure acts as external pressure and inside the casing is empty. The tension load of the casing was calculated based on the self-weight and buoyancy effect of the drilling fluid. The design factor applied to each load was 1.2, 1.4, and 2.2 for burst, collapse, and tension design, respectively (Hole 2006; Marbun 2013; Ngigi 2015) . The temperature effect is incorporated through yield strength correction factor application in casing burst, collapse, and tension load recalculation. Figures 8, 9 and 10 show the casing load recalculation of production casing and tieback casing in well HCE28B. The result of the recalculation showed that the production casing (K-55, 101.2 kg/m) in well HCE28B failed to withstand burst and collapse scenarios, which is indicated by the casing rating line crossing the resultant line. Sometimes, the tieback casing (L-80, 82.3 kg/m) in well HCE28B also failed to withstand the collapse scenario as indicated in Fig. 9 . Nevertheless, there was no indication that the casing parted because the tension rating of the casing is higher than the resultant. It should be noted also that this analysis was made by assuming the casing was new and no thickness reduction. The calculation result for the two wells is summarized in Table 4 . The casing design was recalculated based on the actual casing depth and grade installed in the two wells. Then, the calculated load design was compared with the burst, collapse, and tension rating of the casing. Based on load recalculation, casing failure, burst, and collapse were identified in the wells.
According to the casing design analysis, it is confirmed that improper production casing design of burst and collapse was one of the causes of casing failure in the two abandoned wells. Tension rating of production casings is accepted.
Result of casing failure evaluation based on evaluation of inclination and azimuth angle effect
Dogleg severity analysis (DLS) was performed to estimate precisely the real casing failure location and potential of the damage severity. In directional wells, DLS causes secondary stress to the casing, which is known as bending (Nicholson 1984) . The bending could induce tension to the lower side of the casing, as well as compression to the upper side. In geothermal wells, such stresses are also affected by the high static and dynamic temperature during the life of the wells. When a well is shut-in, the casing will be heated up and compressed due to the expansion effect. As the well is produced, additional compression would be induced in the casing due to the discharge force of the steam. Such conditions can lead to casing fatigue and deformation, particularly at the high DLS zone (Marbun et al. 2015) .
A dogleg severity analysis of the wells HCE9B and HCE28B from directional survey data was performed. The data show that some depths in the two abandoned wells have DLS above 2°/30 m, even up to 4°/30 m (Fig. 11) . In oil and gas industry best practice, 3°/30 m is usually considered as the maximum allowable DLS that can prevent problems during the next operation stage, such as casing running. Considering the wells were originally drilled in the extreme geothermal environment (i.e.. hard rocks, high temperature, etc.) with methodology and equipment according to the oil and gas approach, 2°/30 m is used as a rough limit assumption to distinguish the high DLS zones (Hole 2006) . Both the wells have the potential to experience casing failure at depth intervals with high DLS.
Casing failure in well HCE9B might occur at the interval with high DLS at 870-1186 m One of the causes of high DLS in the two abandoned wells was that wells experienced hole instability problems during the drilling operation. Moreover, wells HCE9B and HCE28B had to be sidetracked due to stuck pipe problems. Well HCE9B was sidetracked twice at 1617 m MD and 1615 m MD, while well HCE28B was sidetracked at 1300 m MD.
Discussion and proposed well intervention and workover plan
Prior to reactivation of the abandoned geothermal well, well intervention and workover operation to repair the casing and cement to maintain the sustainability of future steam production have to be performed. The analysis performed in this study showed that casing failure likely occurred in the wells. According to the investigation performed in this study, common SOP and best engineering practice of geothermal drilling were not carried out in the casing design and drilling operations. Table 5 shows the summary of flow paths of wellbore drilling design and integrity based on common SOP and best engineering practice in designing geothermal casing (Standards New Zealand 1991; Hossein-Pourazad 2005; Sarmiento 2007; Marbun et al. 2013 Marbun et al. , 2015 Nicholson 1984) . This lesson learned can also be applied to the other similar geothermal wells, particularly for future geothermal wells drilling in this field. Based on the numerical analysis (e.g., casing setting depth and casing design analysis by considering the high-temperature effect, DLS analysis), the casing damaged and damage location in the abandoned geothermal wells could be predicted. However, a complete well intervention and workover program could not be developed yet due to inadequate data and information caused by the wellbore plugging issue. Based on industry best practice approach and technical evaluation of the wells in the field, mechanical cleaning should be performed first to clear the obstruction due to silica scaling. Mechanical cleaning would be the most effective well intervention and workover method to clear the obstructions and to get access to the feed zone, as this method can be run simultaneously to drill out the silica scale and mill out any casing collapse. Further, after gaining access to the total depth of the well, investigation of casing and cement integrity should be performed to assess the well before recommencing the production. Caliper log can be run to investigate the casing thickness reduction and casing collapse. To get a more robust investigation, a pressure, temperature, and spinner (PTS) log should be run after running the caliper log to investigate the leak zones. However, running the caliper and PTS log can be risky if the casing failure is severe (deformation, buckling, torn, etc.) due to the risk of being stuck. Thorough risk identification should be prepared before commencing the well intervention and workover operation. The downhole video (DHV) would be effective in identifying the problem as it can visualize the wellbore condition in real time (Thorhallsson 2003) . Casing and cement sheath evaluation log (e.g., production log, CBL, VDL, etc.) should also be performed to investigate the wellbore's integrity. If the cement sheath evaluation shows cement damage and/or the PTS log confirms and locates the leak zones, remedial cementing (e.g., squeeze cementing, etc.) for the existing production casing need to be considered. This is to isolate the well from the cement or formation behind the existing production casing. If not, the leakage could potentially damage the tieback casing and cement in the future (Thorhallsson 2003) .
If the caliper log confirms a severe reduction of casing thickness or casing deformation, the tieback casing could be an option (Thorhallsson 2003) . In well HCE9B, 244.5 mm tieback casing can be cemented above 244.5 mm liner. If casing failure is also found in a 244.5 mm liner, there is still an option to tieback the 177.8 mm liner. In well HCE28B, there is a limitation to tieback the 244.5 mm liner, since there was a 219.1 mm scab liner installed on 273 mm casing. Installing another scab liner smaller than 219.1 mm would be an option. However, if the casing failure occurred along the 273 mm casing, running and cementing 177.8 mm long string casing to the top of 244.5 mm is recommended.
Practically, hydraulic workover unit (HWU) is adequate to perform mechanical cleaning and well investigation (e.g., logging, DHV, etc.). However, in the case that tieback casing and/or remedial cementing is required to repair the production casing, a workover rig is required. The utilization of one workover rig for all the required workover operations (i.e., mechanical cleaning, well investigation, casing repair and remedial cementing) is considered to optimize the cost.
Conclusion
The study presents crucial challenges including casing failure evaluation since the wells were formerly designed without fully considering extreme geothermal environment (e.g., high temperature, etc.) and not following the general geothermal SOP or best engineering practice. Another limitation was the limited official available data which brought difficulty in the study. However, the recent well condition including the casing failure has been assessed and evaluated based on analysis of casing setting depth, casing design, inclination and azimuth angle effect, last well intervention and workover data, and other engineering approaches with high thermal effect consideration.
Based on numerical analysis, casing failure, burst, and collapse as indicated in the two abandoned wells, the casing setting depth analysis, casing load recalculation, and inclination and azimuth angle effect analysis showed casing failure and predicted damage location in those wells. Despite the limitation of official information and data, the result of the study helped PT Geo Dipa Energi to ascertain the current wells' condition, to define further decision of reactivating the abandoned well. The well intervention and workover plan can be designed properly according to the result presented in this study. The methodology established in this study can also be applied to other similar geothermal wells in Field Dieng, either to abandoned wells or future well drilling. 
